However, the background coloration due to the HA degradation and the acid dissociation of SA could not be ignored in this pH region. We recently clarified the AzB complexation mechanism from both 2014 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. Boric acid reacts with 5-fluorosalicylaldehyde (F-SA) and 8-amino-1-naphthol-3,6-disulfonic acid (HA) to form the boric acid-fluoroazomethine H complex (F-AzB) that is now being used for the flow-injection analysis (FIA) of boric acid. At pH 6.5, the F-AzB complexation proceeded fairly fast, whereas the fluoroazomethine H (F-AzH) formation was slow. Thus, highly sensitive measurement of F-AzB was possible if the reaction time was controlled using the FIA method to decrease the background absorbance of F-AzH at the analytical wavelength. The optimum conditions for the color developing reaction were investigated for single and dual channel systems. The former system was simple, applicable to the determination of boron in reversed osmosis (RO) desalination water with a detection limit (LOD) of 4 μg B dm -3 . For the latter system, the calibration range was 0.005 to 10 mg B dm -3 with an LOD of 1 μg B dm -3 , which can be applicable to natural water analyses of boron. These methods could analyze 15 -20 samples in one hour. The results of the boron concentration measurement for water samples from an RO desalination plant, industrial wastewater and river water were in fairly good agreement with those obtained by other methods.
Introduction
Boron is an essential trace element for plants and animals, but its overdose causes severe problems. [1] [2] [3] The boron concentration in drinking water is set to be below 2.4 mg B dm -3 in the WHO guidelines, 4 and below 1.0 mg B dm -3 in the European Union (EU) drinking water directive. 5 In Japan, the boron concentration is regulated to be below 1.0 mg B dm -3 for tap water and below 10 mg B dm -3 for industrial wastewater. 6 One of the major boron analytical methods is azomethine H absorption spectrophotometry because of its mild condition in an aqueous medium. Azomethine H (AzH, the Schiff base product), easily obtained by the dehydration condensation of 8-amino-1-naphthol-3,6-disulfonic acid (HA) and salicylaldehyde (SA), reacts with boric acid to give the boric acid-AzH complex (AzB).
(1)
However, this method has some drawbacks; AzH gives a fairly high background absorbance at the analytical wavelength, HA is decomposed to form a yellow-brown compound by its air oxidation, and the AzB formation reaction is slow in the weakly acidic range. It takes two hours to complete the coloration. 6 The reaction mechanism of the AzB complexation has not been fully established for a long time. Harp pointed out that the complexation of boron to the aldehyde promotes a nucleophilic attack of the free amine of HA on the carbonyl group of SA, and concluded that the azomethine-H method is based on the boron-catalyzed condensation of AzH from its hydrolysis products. Long color-development times have been required during which boron catalyzes the re-condensation of the hydrolysis products to the Schiff base. Based on his idea, AzH is not required as a reagent. 7 He optimized the batchwise condition, and found that the Schiff-base formation from HA and SA in the presence of boron is complete within 15 min at a pH value of between 7.5 and 7.8. On the other hand, according to our study, HA and SA react with boric acid as a competitive reaction to give a 1:1 bischelate complex (AzB) in the presence of boric acid, which has been directly shown by 11 B NMR measurements. It has been confirmed that the reaction includes two chemical equilibria; one is related to the AzH ligand formation, and the other to complex formation. The formation constant for the ligand is low, whereas that for the complex is relatively high. 8 The purpose of this study is to develop a flow injection analysis (FIA) method of boric acid. As shown in Table 1 , many FIA methods have been reported. [9] [10] [11] [12] [13] In the early development stages, slightly acidic conditions were employed, but a time-delay coil was necessary to produce enough complexation. It was later found that the optimum pH necessary for AzB complex formation is above 7. 7, 12, 13 kinetic and equilibrium points of view using voltammetry. 14 Moreover, we chose 5-fluorosalicylaldehyde (F-SA) and 5-methylsalicylaldehyde, and discussed the effect of the substituent groups. There was no difference among their formation constants, but from the view point of the rate constant, F-SA was found to be the most favorable. 15 Therefore, we employed F-SA as the aldehyde. At pH 6.5, the fluoroazomethine H (F-AzH) formation was fairly slow, whereas the boric acidfluoroazomethine H (F-AzB) complexation quickly proceeded, according to Eqs. (2) and (3), respectively. Thus, a highly sensitive measurement of F-AzB was possible if the reaction time was controlled using the FIA method to suppress the formation of F-AzH. The optimum conditions for the color developing reaction were investigated for the single and dual-channel systems. The single-channel system was the simplest and convenient for routine analyses of RO desalination water and industrial wastewater. To achieve a more sensitive method for the analysis of natural water samples, the dual channel system was also examined.
Experimental

Reagents
Highly purified water prepared by the Milli-Q system (Millipore, USA) was used throughout the study. A boric acid standard solution was prepared by diluting a 1000-mg B dm -3 atomic absorption standard solution (Wako, Osaka). A 0.02-mol dm -3 F-SA solution was prepared by dissolving 0.28 g of F-SA (TCI, Tokyo) in 30 cm 3 of ethanol. A 0.74-g sample of EDTA-2Na (Dojindo, Kumamoto) and 10.56 g of 2-morpholinoethanesulfonic acid (MES) monohydrate (Dojindo, Kumamoto) were dissolved in water, and the solution was mixed with an ethanol solution of F-SA (the total volume was less than 70 cm 3 ). The pH of the mixture was adjusted to be 6.5 by adding an aliquot of a 1-mol dm -3 NaOH solution; then, excess NaOH was added in order to neutralize the HA, and the solution was made up to 100 cm 3 with water. The F-SA solution also contained 0.001% Triton X-100 (Wako, Osaka). A 0.04 mol dm -3 HA solution was prepared by dissolving 1.37 g of HA monosodium salt (Wako, Osaka) in water, including 0.86 g (0.048 mol dm -3 ) of ascorbic acid (Kishida, Osaka). The solution was then made up to 100 cm 3 with water.
Absorption spectrum measurement
Two solutions containing 2.0 × 10 -3 mol dm -3 F-SA (EtOH v/v 3%), 0.050 mol dm -3 HA, and 0.06 mol dm -3 ascorbic acid were prepared; one of them also contained 5 mg dm -3 of boron. The phosphate buffer solution was used to adjust the pH, and the ionic strength of the solutions was adjusted to 0.5 mol dm -3 . The absorption spectra of the solutions were measured 2 h after solution preparation. A U-3500s spectrophotometer (Hitachi, Tokyo) was used for the measurement. Fig. 1(a) . A double-plunger pump (A) was used to pump the HA solution and F-SA solution at a total flow rate of 0.5 cm 3 min -1 . The solutions were then mixed in a three-way joint, and flowed into a 4-m reaction coil placed in a thermostated chamber (E). An air damper (C) was connected to the flow system to decrease the system noise. The sample solution was introduced by a six-way valve (D) with a PTFE tube loop (0.5 mm i.d., 200 mm long) in the flow system. A UV-VIS spectrophotometer (F, SPD-10AV, Shimadzu) was used to continuously monitor the absorbance of the F-AzB complex at 450 nm. Dual channel FIA. A schematic diagram for the determination of boron by dual-channel FIA is shown in Fig. 1(b) . Two double-plunger pumps (A and B) were used to pump the reagent solutions of HA and F-SA and the sample carrier (highly purified water), respectively. The flow rate of both pumps was 0.45 cm 3 min -1 . An air damper (C) was connected to the sample pump. The sample solution was introduced through a six-way valve (D) with a PTFE tube loop (0.5 mm i.d., 200 mm long), and carried into the flow system by the sample carrier. In a similar way using the single channel system, the solutions were then mixed through a three-way joint, and flowed into a 10-m reaction coil (E) placed in a thermostated chamber. The spectrophotometric measurement was done in the same way as already mentioned.
Results and Discussion
Optimization of conditions Analytical wavelength and pH. The absorption spectra of the F-AzB and F-AzH solutions, which were allowed to stand for 2 h, were measured. Based on the acid dissociation constants of the F-SA and HA (Table S1 , Supporting Information) and the following formation constants of F-AzH (KF-AzH) and F-AzB (KF-AzB) obtained by voltammetry, the absorption spectra of the F-AzB, F-AzH and F-SA at 400 -480 nm were calculated from the observed absorption spectra of the solutions containing boric acid, HA and F-SA. The absorption by HA was negligible in the examined wavelength region. F-AzB showed an absorption maximum at around 440 nm, where AzH had a fairly high background absorbance (Fig. S1 , Supporting Information). To decrease the influence of the AzH and F-SA absorptions, the measurement wavelength of F-AzB was set at 450 nm. Due to the higher F-AzB formation reaction rate, the maximum intensity of AzB was observed at a pH higher than 6.5 (curve A in Fig. 2) . The pH dependence of the F-SA absorption spectrum showed that the F-SA absorbance significantly increased due to the acid dissociation of F-SA when the pH was higher than 6.5 (curve B in Fig. 2) . Therefore, we chose a pH of 6.5 as the optimal value. Reaction time. The time dependence of the absorbance at 450 nm after mixing boric acid and the reagents is shown in Fig. 3(A) for an equivalent mixture of 0.02 mol dm -3 of HA and 0.02 mol dm -3 of F-SA containing 5 mg B dm -3 of boron. The absorbance significantly increased in the first 5 min, then gradually increased. On the other hand, the absorbance change in a similar solution, except for the absence of boron, showed that the absorbance continued to increase for over 50 min or longer (Fig. 3(B) ). The absorbance at 0 min is due to the acid-dissociated F-SA. The time dependence curve (C) of F-AzB was obtained by subtracting curve (B) from curve (A), showing that the F-AzB formation reached a maximum in about 5 min, but then decreased because of the decomposition of F-AzB caused by the slower competitive formation of F-AzH. Accordingly, the reaction time was set for 3 -5 min in order to reduce the influence by F-AzH. Stability of HA solution. In the FIA system, a double plunger pump was used to separately carry the HA and F-SA solutions. Otherwise, the mixture solution of HA and F-SA was unstable in the neutral pH range. An HA solution containing ascorbic acid was fairly stable under acidic conditions. In the absence of ascorbic acid in the stock solution, colored species that originated from the degradation of HA were produced. 16 To the F-SA solution, the buffer reagent, EDTA and NaOH were added in order to adjust the pH to 6.5 when the HA and F-SA solutions were mixed. It is recommended that the two solutions be daily prepared. Concentration of the surfactant. Tailing occurred in the detected peak due to the hydrophobic adsorption of F-SA and/or F-AzB on the PTFE tubes (Fig. S2, Supporting Information) . Therefore, the nonionic surfactant, Triton X-100 (CMC = 0.015%), was added to the F-SA solution to improve the peak shape. In the range of 0.001 -0.1% Triton X-100, no significant difference was observed, and therefore, the concentration of 0.001% was selected. Flow rate. The reaction time was adjusted by changing the flow rate in the range of 0.49 -0.96 cm 3 min -1 . The peak height increased with a decrease in the flow rate, but the peak was also broadened. The flow rate was set at 0.49 cm 3 min -1 based on the reaction and measurement time. The F-AzB complexation rate calculated using a rate constant of approximately 59% when the reaction time was 3 min. Sample volume. The effect of the sample volume on the sensitivity was examined in the volume range of 0.04 -0.12 cm 3 . Regardless of the dilution caused by the increase in the sample volume, the peak height increased because the reacting amount of the boric acid also increased. However, the peak was broadened, and the measurement time became longer. Even though the larger volume could improve the sensitivity by 20%, the optimum sample volume was set to 0.04 cm 3 . Temperature. The temperature effect on the sensitivity was investigated by placing the reaction coil in a thermostated bath in the range of 14.0 -42.5 C. The peak height slightly increased to around 30 C, but then decreased, different from the results reported by other researchers (Fig. S3 , Supporting Information). 7, 13 There was no significant change in the peak width. The activation parameters of the F-AzB formation obtained in our laboratory were ΔH = 6.2 kJ mol -1 and
; in the temperature range higher than 30 C, the reaction rate decreased at higher temperature due to the entropy contribution. The details of the reaction behavior in the temperature region below 30 C have not yet been clarified. The optimum temperature was set at 30 C, at which the sensitivity was the best. Coexisting ions. As has already been reported, 12 ,13 the effects of coexisting ions, especially heavy metal ions, could be suppressed by EDTA, and therefore, the final EDTA concentration in the stream was maintained at 0.005 mol dm -3 , which suppressed the effects of 1000 mg dm - . If the samples contain metal ions in high concentrations, a pretreatment using a chelate resin column for solid phase extraction, such as InertSep ME-1 (GL Sciences, Tokyo, Japan), effectively removed them. The blank solution produced a negative peak due to the dilution of the reagents. The detection limit, corresponding to 3σ of the blank test, was 3.9 μg B dm -3 (n = 3). Measurements of 15 samples in 1 h were possible using the present method. Since the time was precisely controlled in the FIA system, it became possible to measure within a short time without reaching the reaction equilibrium condition.
FIA profiles and calibration curves
The system could be applied to a double channel system in order to eliminate the negative peak for the blank. As shown in Fig. 4(b) , there was no special dilution of the reaction reagents caused by introducing the sample in the flow system, resulting in a stable and smooth baseline signal. The calibration curve could be expressed as A = 0.135 ([B]/mg dm -3 ) (R 2 = 1.00). The detection limit, estimated by the 3σ value the of 10 μg B dm -3 solution (n = 5) and the slope of the calibration curve, was 1.0 μg B dm -3 .
Applicability to real sample analysis Desalination plants using the reverse osmosis (RO) membrane method have been extensively increasing in recent years. The problem of seawater desalination by the RO method is the leakage of some of the boric acid dissolved in the seawater through the RO membrane. The boron concentrations of RO-treated water were determined using the single-channel system. The measurement results show good agreement with those obtained by the square-wave voltammetry method ( Table 2 ). The analytical results of industrial wastewaters in Table 3 . Table 2 also show the correctness of the measurements. Calcium phosphate was precipitated in the phosphate buffer solution, if the calcium concentration in the sample solutions was high. An MES buffer solution was used in the present study, but caused no difference in the measurement. Although the single-channel system is not sensitive relative to the dual channel system, it is simple and has a significant sensitivity to monitor the boron concentration of RO-treated water and industrial wastewater.
It is fairly difficult to analyze river and/or rain water samples using the present single-channel FIA. For example, the boric acid concentrations of rain and river water samples were reported to range from 3.1 to 41 μg B dm -3 and from 20 to 29 μg B dm -3 , respectively.
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Five river-water samples from Iriomote Is., the Ryukyus, Okinawa, Japan, were determined by the dual-channel system in order to examine the applicability of the system; the results are given in Table 3 . All of the samples could be analyzed with a relative standard deviation of 1 -8%. The recovery test using one of the samples showed that almost all of the added boron was recovered ( Table 4 ). The dual channel method is sensitive enough to analyze trace boron in rain and river-water samples, which will contribute to the environmental and/or geochemistry studies of boron.
Conclusions
As one of starting materials for the AzB complexation, we newly employed F-SA as an aldehyde to improve the analytical time. In addition, we proposed a kinetically regulated FIA method for the determination of boric acid in water samples based on our new understanding of the kinetic and equilibria behavior of the boric acid and azomethine H complexation system. The on-line mixing of an acidic HA solution and an F-SA solution significantly improved problems concerning a gradual increase in the background caused by the decomposing HA, resulting in a sensitivity enhancement, as shown in Table 1 . Our proposed method can contribute to any fields that necessitate a more practical FIA method for boron determination. Table 3 .
